Abstract: A laparoscopic catheterization of portal and ileal veins as well as abdominal aorta was performed in eight pigs under general anesthesia for quantitative determination of portal-drained viscera metabolism. Three polyurethane catheters were introduced into the target vessels through an abdominal wall cannula using the guide catheter and wire. Surgery duration, length of incisions, and postoperative outcomes were recorded. On days 7 and 30, portal vein blood flow rates were measured by paraaminohippuric acid method. On day 35, a second laparoscopy was performed to monitor the setup of intraabdominal catheters. The laparoscopic procedures were completed with a mean operative time of 82 ± 9 min, and mean total incision size was 4.5 ± 0.5 cm. No major intraoperative or postoperative complications were encountered. The second laparoscopy showed that position and fixation of catheters remain stable 35 d after the surgical preparation. Portal vein blood flow remained similar (P > 0.05) from 7 to 30 d after the laparoscopic surgical procedure. Retention of catheters in six pigs was more than 60 d, and the other two were 42 and 56 d. We conclude that this novel technique is an attractive alternative to traditional surgical catheterization procedures.
Introduction
Experimental procedures in pigs frequently require access to blood vessels, such as hepatic vein (Farias et al. 1986 ), portal vein (Kaiser et al. 2005) , external jugular vein Lombardo et al. 2010) , internal carotid artery (Nsadi et al. 2011) , common iliac artery (Fearn et al. 2006) , femoral vein (Pinkernelle et al. 2009 ), cranial vena cava (Damm et al. 2000) , and pulmonary artery (Holmes and Weiskopf 1990) . Multiple abdominal intravascular catheterization in pigs is also a common surgical procedure and an important research tool in animal nutrition (Bajjalieh et al. 1981; Olesen et al. 1989; Stoll et al. 1998; Yen et al. 2004; Hooda et al. 2009 ). Studies used pigs with multiple indwelling catheters implanted in portal, hepatic, and mesenteric veins as well as an artery (carotid artery or abdominal aorta), and the placement of indwelling catheters into abdominal blood vessels was carried out commonly through celiotomy (Yen and Killefer 1987; Stoll et al. 1998; Yen et al. 2004; Hooda et al. 2009; Rodríguez-lópez et al. 2013) .
In recent years, minimally invasive laparoscopic surgery is known to be associated with faster recovery times, reduced pain, and a more rapid return to activity compared with conventional surgery (Jimenez et al. 2008; Zhang et al. 2014) . However, there have been only a few previous reports of laparoscopic endovascular catheterization performed in pigs (Fearn et al. 2006) , and a technique for laparoscopic multiple endovascular catheterization performed in pigs has not been described. Furthermore, for successful quantitative investigations of portal-drained viscera (PDV) metabolism, it is essential that catheter tips remain in their predetermined positions that in turn make proper fixation of catheters a critical factor. A technique that allows minimally invasive catheterization of the intraabdominal veins and an artery and adequate fixation of catheters outside the abdominal wall and within vessels as well as unimpaired blood flow would be ideal. The intention of this study was to develop a novel alternative to catheter implantation using traditional laparotomy, i.e., a percutaneous laparoscopic technique for parallel catheterization of the portal, mesenteric (ileal) veins, and the abdominal aorta was studied. In addition, we report, as clinical outcomes, and quantitative assessment of the portal vein blood flow rates (PVBF) to demonstrate the feasibility and functionality of the laparoscopic technique.
Materials and Methods

Animals
The study was approved by the Animal Ethics Committee of the Northeast Agricultural University (Harbin, People's Republic of China) and was in accordance with guidelines of Canadian Council on Animal Care (Zhang et al. 2014) . Eight growing Bama Miniature Pigs aged 3-6 mo and weighing 15.5-25.8 kg were used for this study. Animals' health status was assessed by physical examination and laboratory tests, then housed individually in pigsty (2.5 m × 3 m) with petates and fed a standard grower diet and tap water ad libitum. Before the surgical procedure, pigs were housed in individual rectangular stainless steel cages (120 cm × 80 cm) and allowed a 14 d period to acclimatize to the laboratory conditions. Usually, within 1 wk, the pigs were well adapted to consume their daily meal between 0830 and 0930 and rested inside the cages for future infusion and blood sampling before they were put back into their independent colony house.
Catheters and accessories
The indwelling catheters were designed by the authors and manufactured by SCW Medicath Ltd., Shenzhen, People's Republic of China. The portal venous catheters were composed of a 60 cm, 16G polyurethane tube (ID: 1.0 mm; OD: 1.7 mm), a matched guide wire (length: 90 cm; OD: 0.88 mm) and a joint (Fig. 1) . The ileal mesenteric venous and the abdominal aorta catheters were composed of a 60 cm, 18G polyurethane tube (ID: 0.75 mm; OD: 1.32 mm), a matched guide wire (length: 90 cm; OD: 0.53 mm), and a joint (Fig. 1) .
Accessories included two guide catheters, two stainless steel trocar/cannulas, a hollow syringe, and heparin caps (Fig. 1) . The guide catheter was originally made of a flexible peripherally inserted central catheter (length: 30 cm, 4 F/5 F) that has a 20G syringe needle (18G for the portal venous catheterization) at the tail end, which was used to introduce a guide wire into the targeted blood vessel. The stainless steel trocar/cannulae (12G × 13 cm or 15G × 18 cm) were used not only to penetrate the abdominal wall, but also to advance the catheter through the subcutaneous tissue.
Surgical preparation
After overnight fasting, the experimental pigs were premedicated with subcutaneous atropine sulfate 0.04 mg kg 
was infused intravenously through the peripheral ear vein. All surgical procedures were performed under aseptic conditions. Animals were placed in left lateral recumbency. Then, an automatic high-flow CO 2 insufflator (Olympus, Hamburg, Germany) was connected to a Veress needle to insufflate the abdominal cavity to an intraabdominal pressure of 10 mm Hg with carbon dioxide. A four-port, purely laparoscopic technique was adopted for this procedure, accordingly, four portals -A, B, C, and D -were created (Fig. 2) . A trocar-cannula unit (Olympus Corporation, Tokyo, Japan) of diameter of 10-11 mm was percutaneously inserted at portal A and used for the introduction of the 30°laparoscope (diameter: 10 mm; Olympus Corporation, Tokyo, Japan). Under laparoscopic guidance, one trocar-cannula unit (diameter: 5-5.5 mm; Olympus Corporation, Tokyo, Japan) was advanced through portals B, C, and D; they were used for introducing laparoscopic instruments such as needleholding forceps, grasping forceps, and right angle dissecting forceps. The operator stood at the caudal end of the animal, and two assistant surgeons were needed to complete the laparoscopic procedure. After careful inspection with the laparoscope, the catheter implantation was performed.
Laparoscopic catheterization of the portal vein
After entering the abdominal cavity and locating the duodenum and pancreas, the portal vein was delineated under direct visualization. The gastroduodenal vein entering the portal vein and a ganglion of lymph node lying posterior to the gastroduodenal vein were then located. After the portal vein was exposed completely, a 16G polyurethane catheter was introduced into the portal vein directly through an abdominal wall cannula using the guide catheter and wire. Briefly, a stainless steel cannula was first introduced to the abdominal cavity percutaneously behind the kidney (Fig. 2a , top inset). To direct the portal vein catheter correctly, a guide catheter (connected with a hollow syringe and filled with 200 IU heparin mL −1 of 0.9% NaCl solution)
was inserted through the cannula, punctured into the portal vein, and then pumps back the hollow syringe to verify that the guide catheter tip has entered in the blood vessel and confirm whether the catheter in the blood vessels. The guide catheter was removed after a guide wire had been inserted into the portal vein through it (Fig. 3a) . At this time, we clamped the guide wire and the puncture point temporarily by grasping forceps to prevent bleeding. A 16G polyurethane catheter was then advanced along the guide wire and inserted into the portal vein for about 3-4 cm toward the hilum of the liver (Fig. 3b) . To verify the position of the catheter tip, a 5 mL syringe was connected to the catheter and pumps back. If blood was aspirated through the catheter, the catheter was sutured with surrounding tissue of portal vein by the expanding wing (a piece of polyurethane tube/wing with a small hole was bonded with the portal vein catheter) (Figs. 1a, 1b, black arrow). Subsequently, the catheter was pulled close to the body wall, and two more sutures (2-0 silk suture) were placed between the catheter and the ventral body wall for intraabdominal fixation. The extracorporeal portion of the catheter was reconnected with a joint and a heparin cap. The catheter was flushed and filled with sterile heparinized saline solution.
Laparoscopic catheterization of abdominal aorta
After the surrounding tissue anterior to the right renal hilum had been carefully separated, the abdominal aorta was exposed. Insertion of the abdominal aorta catheter was done using the same technique that was used to implant the portal vein catheters.
A stainless steel cannula was first introduced to the abdominal cavity percutaneously in front of the kidney (Fig. 2b, top inset) , and a guide catheter was inserted through the cannula and advanced in a renal hilum direction and inserted into the abdominal aorta until pulsating light red blood squirted out of the artery (Fig. 3c) . Then a guide wire was introduced through the guide catheter along the direction of the blood flow. After the guide catheter was removed, an 18G polyurethane catheter was inserted over the guide wire about 5 cm into the abdominal aorta. The cannula and guide wire were removed, and the opposite end of the abdominal aorta catheter was connected to a joint and a heparin cap. By suturing the expanding wing to the previously separated adjacent connective tissue of the abdominal aorta with 2-0 silk, the catheter was securely fixed with the abdominal aorta. And two more sutures (2-0 silk suture) were placed between the catheter and the ventral body wall for intraabdominal fixation.
Laparoscopic catheterization of the ileal vein
Cecum, ileo-cecal junction, and terminal ileum were located using a laparoscopic view toward caudal abdomen. The segment of terminal ileum having a mass of ganglion of lymph nodes and network of mesenterium veins was brought toward the cranial and spread it. After the mesenteric connective tissue had been carefully separated, the cranial mesenteric vein (ileal vein) and mesenteric artery were exposed.
First, a stainless steel cannula was introduced to the abdominal cavity percutaneously behind the right rib bow about 5 cm (Fig. 2c, top inset) , and then an 18G polyurethane catheter was achieved in a similar fashion such as the portal and abdominal aorta catheterization (Fig. 3d) . The catheter tip was inserted into the vein for 5-8 cm cranially along with the flow of blood. By suturing the expanding wing to the previously separated adjacent connective tissue of the vein with 2-0 silk, the catheter was secured to the ileal vein. After placement of the venous catheters, a length of intraabdominal catheters of about 5-15 cm was left into the abdominal to avoid traction by respiratory movements of the costal part of the abdominal wall and the growth of the body in the future days (Fig. 4) .
Anchoring of the catheters and management
After ensuring hemostasis, the laparoscopic equipment was removed, and the ports were sutured. Another stainless steel trocar/cannula was used to make the three polyurethane catheters through the abdominal subcutaneous tissue and ending at the central of the backbone, respectively (Figs. 2a-2c, bottom inset) . By this means, three catheters were embedded in the subcutaneous about 10 cm. Therefore, the catheter was anchored to the body wall with no need of suturing the catheter to the skin. Finally, the extracorporeal portion of the catheter was reconnected with a joint fixed on the skin tightly by nylon suture and connected to a heparin cap.
Patency of catheters was checked daily by aspiration of blood. Then the catheter was flushed using sterile normal saline and filled with 200 IU mL −1 sterile heparinized saline solution after each blood sampling. When aspiration of blood was not possible, the catheter was rinsed using urokinase injection (1.5 mL, 5000 IU mL −1 ) or desludged by the guide wire (Figs. 1e, 1f) . were administered intramuscularly two times per day for 5 d, and topical antimicrobial ointments applied to the exit sites and surgical wounds two times per day for 7 d. Water was given to the pigs at 6 h postoperatively, and a standard grower diet was fed ad libitum the following morning. The pigs were housed individually to avoid damage to the catheters by the other pigs and having their catheters checked every day. Postoperative monitoring consisted of measuring body temperature as well as a subjective assessment of the pig's condition and appetite. Another laparoscopy was performed 35 d after the initial surgery to reevaluate the status of the entire abdominal cavity and associated viscera. Determination of the position of the catheters in situ and catheterassociated lesions was of particular importance. Followup necropsy was performed after loss of patency of the catheter; animals were euthanized with pentothal (5 mg kg −1 ; Janssen Pharma, People's Republic of China) induction and potassium chloride injection (10 mL each time, Changle Pharma, People's Republic of China).
Determination of PVBF
Measurements of the PVBF were conducted on each pig at days 7 and 30 after surgery. Pigs were fed a 16% crude protein corn-soybean meal diet once daily at 0830 (Yen and Pond 1985) . The amount of feed varied from 600 to 1100 g, depending on the initial body weight of the pigs. PVBF was estimated using an indicatordilution technique after continuous infusion of paraaminohippuric acid (PAH) (Yen and Killefer 1987) . Blood samples (5 mL) were collected simultaneously from the abdominal aorta, the portal vein into lithium heparin, and EDTA tubes at preprandial 15 min and postprandial 1, 2, 3, 4, 5, 6, 7, and 8 h after achieving a steady state of PAH infusion according to Yen and Killefer (1987) . PAH was measured photometrically (450 nm Photometer; Gene Co., Ltd., People's Republic of China) according to Harris et al. (1993) . EDTA blood was used for determination of the PCV by an automatic blood cell analyzer immediately after collection.
Statistical analysis
Operative times, estimated blood loss, length of incisions, catheter patency, and early postoperative outcomes were recorded in all cases. The data were expressed as mean ± standard error of the mean. Differences in values were determined by one-way analysis of variance (ANOVA) that was performed using the SPSS software (version 17.0; SPSS Institute, USA). The significance of differences was set at P < 0.05.
Results
The laparoscopic procedures were completed in all pigs, with a mean operative time of 82 ± 9 min. None of the pigs required conversion from laparoscopic catheterization to an "open" procedure. The mean total incision size was 4.5 ± 0.5 cm (including incisions for the four portals). Sometimes, small amounts of hemorrhage were observed when the perivascular connective tissue had been separated, but intraoperative bleeding was negligible. In one instance, the guide wire was pulled out of the abdominal aorta because of movement of the assistent but could be reintroduced without hematomas for the thicker artery walls. One pig developed subcutaneous emphysema was noted in eight pigs; no other perioperative complications were noted. Body temperatures remained normal throughout the observation period. Pigs had relatively satisfying appetites, which usually started on the first postoperative day. The average weight gain on days 7, 30, and 60 were 0.77 ± 0.23, 2.44 ± 0.54, and 4.87 ± 0.68 kg, respectively.
Retention of catheters in six pigs was more than 60 d, and the other two were 42 and 56 d. Postmortem examination showed that loss of patency in ileal venous catheter was attributable to kinking of the catheter and portal venous catheter to a fibrin clot. Mean pre-and post-prandial PVBF in pigs as related to the time of feeding are presented in Table 1 and a postprandial hyperemia occurred and lasted for the entire testing period. Blood flow measurements using the implanted catheters were found similar (P > 0.05) from 7 to 30 d after the laparoscopic surgical procedure, indicating the reliability of this model.
The second laparoscopy showed that connective tissues developed at the puncture site of the vessel and the suture site, and part of the catheter was wrapped by the adjustable tissue anchor. There was no complication associated with displacement of the catheter. Furthermore, there was no evidence of internal leakage, abscess formation, or peritonitis in any pigs, nor were there any other abdominal abnormalities identified (Fig. 5 ). PVBFs were basically the same on 30 and 7 d post surgery (Table 1) .
Discussion
Minimally invasive laparoscopic surgery is rapidly gaining popularity worldwide. Unlike the celiotomy, laparoscopic procedures provide smaller surgical incisions, reduced bleeding, and a quick recovery than open surgical procedures and obviate the need for extensive manual traction on the viscera in comparison with open approach. In this study, a four-portal laparoscopic technique for multiple endovascular catheter implantation in the pig was necessary, but it is simpler as it avoids the need for specialized instruments than MR Imagingguided transvascular access of catheterization (Aravind et al. 2006) . The study results also indicated that the intraoperative bleeding was negligible, and the mean operative time (1.5 vs. 3 h) and total incision size (4.5 vs. 15 cm) after laparoscopic catheter implantation were significantly shorter than those after conventional procedures (Yen et al. 1987) . However, the surgical time required to complete the laparoscopic procedure decreased by approximately 10 min with an increasing experience and may have decreased further with additional experience.
To ensure catheter retention, the method uses expanding wing sutured to the adjacent connective tissue of the vessel as well as the suture anchor between the catheter and the abdominal wall. All the pigs of second laparoscopy showed the connective tissue adhesions around at the puncture site of the vessel, and the suture anchor site help firmly secure the catheter in its position. Further, the adhesions should be strong so as to avoid kinking of the catheter. We believe that this laparoscopic procedure reduces surgical stress to previous studies (Yen and Killefer 1987; Henry et al. 2010; Rodríguez-lópez et al. 2013) and minimizes the chances of catheter dislodgement and a function, both of which are benefit to the long-term metabolic assessment of the animal model.
Maintaining the conventional intraabdominal pressure at 10 mm Hg allowed for good separation of the contents of the abdominal cavity from the abdominal viscera and provided sufficient space to perform surgery. Then, all intraabdominal catheters were placed under direct laparoscopic visualization without complications. However, ultrasonographic images tend to deteriorate with each catheter placement that makes subsequent procedures more difficult. Under ultrasonic guidance, artery usually missed with the insertion needle leads to the repeated catheterizations (Brederlau et al. 2008; Starke et al. 2012 ). In our experience, the placement of portal A for the laparoscope at 2-3 cm below the fourth lumbar transverse process along the line between the right hip nodules and the last ribs allowed for excellent visualization of the porta hepatis, the right renal hilum and related structures, as well as most of the intestinal tract, excluding some pelvic organs. Portals B and C for the instruments were located 3-5 cm cranial to portal A and 8-10 cm to the left and right of the line between right hip nodules and the last ribs, respectively. This triangular positioning of the three portals enabled easy manipulation of the three cannulations. Subcutaneous emphysema was probably caused by the extension of portals, and the repeated trocarization was mainly due to the surgeon's lack of experience that was reported by Zhang et al. (2014) .
With the exception of one ileal and one portal venous catheter, all catheters keep retention and function during the 60 d observation period. Similar results were reported after conventional catheterization, ranging from 6 to 12 wk (Yen and Killefer 1987; Leeuwen et al. 1995; Hooda et al. 2009; Rodríguez-lópez et al. 2013 ). Occlusion of implanted catheters is a common problem in multicatheterized pigs used for studies. In this study, the catheter was rinsed with normal saline then filled with 200 U mL sterile heparinized saline on each day. Jackson et al. (1972) pointed out that catheters are properly locked by heparin caps to avoid blood entering into the catheter, and the chance of a fibrin clot is very low. However, Huntington et al. (1989) reported that using anticoagulants to flush catheters or administering them systemically does not affect the patency of the catheter. Further studies are necessary to evaluate the efficacy of the anticoagulants for the fibrinous occlusion of the catheters in pigs and develop some other preventive measures such as catheters that are designed to reduce the problems of occlusion, venous thrombosis, and infection.
To demonstrate that the minimally invasive method for multiple endovascular catheter placement described in this report is useful for quantitative determination of PDV metabolism kinetics, and PVBF was measured by PAH dilution and packed cell volume. In this study, PVBFs were within previously reported ranges (Yen and Killefer 1987) . As Huntington (1999) pointed out, variation in repeated measurements of PDV plasma flow rate is attributable to real biological variation in blood flow through the liver and possibly to analytical inaccuracies of PAH measurement. In addition, incomplete and variable deacetylation efficiency of PAH during analysis may increase the variance of blood flow determination (Isserty et al., 1998; Kristensen et al., 2009) and incomplete mixing of infused PAH within the portal vein before the collection of blood samples may also be a source of variation (Starke et al. 2012 ). Thus, we should pay attention to these above-mentioned factors and make great efforts to eliminate them in experiments.
Conclusion
In conclusion, laparoscopy for portal and ileal veins, and abdominal aorta can be accomplished in healthy pigs using a four-portal technique. This novel technique bridges the gap between laparoscopy and endovascular techniques in striving for minimally invasive solutions to the multiple endovascular catheterization for sequential blood sampling in pigs and makes it an especially attractive alternative to traditional surgical cannulations.
